Abstract A coaxial insulated-rod-to-cylinder underwater streamer discharge system capable of injecting plasma into a large volume of water was developed and employed to decolorize azo dye sunset yellow. The rod type anode was covered by an insulator tube with a wall thickness of 0.4 mm. A series of slits with a width of 20 µm to 80 µm and a length of about 4 mm were cut onto the wall of the insulator tube. Depending on the solution conductivity, a cylindrical discharge region with a length of 60 mm and a wall thickness of 5 mm to 11 mm forms in the reactor. The influence of the solution conductivity, pH and pulse frequency on the decoloration of sunset yellow was investigated. The results show that the solution conductivity has little effect, while the solution pH and the pulse frequency have significant influence on the decoloration rate of sunset yellow. The decoloration rate of sunset yellow is increased with the increase in pulse frequency. A lower pH in solution promotes the decoloration of sunset yellow while a higher pH inhibits it.
Introduction
Underwater electrical streamer discharges initiate complicated physical and chemical processes in the water, such as a high electric field, ultraviolet (UV) radiation, shock waves, and formation of reactive species ( · OH, H 2 O 2 , etc.) [1, 2] . Their potential application in water or wastewater treatment has been widely investigated [3] in dye pollutant removal [4, 5] , organic pollutant degradation [6, 7] , microorganism disinfection [8, 9] , etc. The attractive advantage of electrical streamer discharge in water is that it generates reactive chemical species directly in the water and can decompose organic pollutants without secondary pollution [10] . In most of the experimental study on water treatment by electrical discharge in water, a point-to-plate electrode system is usually employed because it is easy to induce a localized high electrical field in an order of MV/cm to initiate the discharge near the tip of the point electrode. Since the discharge is limited in a small local region, it is difficult to deal with large amount of wastewater. It is of increasing interest to inject underwater electrical streamer plasma into a large volume of water. A variety of approaches to generate large volume streamer discharge in water have been proposed [11∼16] . In this paper a novel reactor capable of injecting underwater electrical streamer plasma into a large volume of water is developed. The reactor was applied to decolorize sunset yellow, an azo dye that is widely used in the plastics and food processing industry. The influence of the solution conductivity, pH and pulse frequency on the decoloration of sunset yellow was investigated.
Experiment and method
An underwater electrical streamer discharge reactor was developed to inject pulsed high voltage discharge plasma into a large volume of water. A coaxial rodto-cylinder electrode configuration was adopted in the reactor. The central anode was made of a stainless steel rod with a diameter of 3 mm and a length of 60 mm. A cylindrical cathode with an inner-diameter of 44 mm and a length of 65 mm, was made of stainless steel wire mesh in 1 mm×1 mm and grounded through a resistor. As shown in Fig. 1(a) , the anode was covered by an insulator tube with a wall thickness of 0.4 mm. A series of slits, with a width of 20 µm to 80 µm and a length of about 4 mm, were cut onto the wall of the insulator tube. Due to the difference in permittivity (ε r ) between the water (ε r = 80) and the insulator tube (ε r = 2 ∼ 3), a series of triple points form in the slits and the electric field near the triple point would be enhanced [17] . The electrode system was placed perpendicularly in a quartz cup with an inner-diameter of 50 mm and a height of 150 mm, and was submerged in the sunset yellow so-lution. For temperature control, the quartz cup was placed in a water cooling bath. The scheme of the reactor and the experimental setup are shown in Fig. 1(b) . To generate electrical streamer discharge in the reactor, a pulsed positive high voltage with a peak voltage of about 40 kV and a duration of about 400 ns in full width of half maximum (FWHM) was applied to the insulated anode through a high voltage pulse generator. The discharge voltage and current were detected by a high-voltage probe (Tektronix P6015A) and a current transducer (Pearson 6585), respectively. Both the discharge voltage and the current were measured by a digital oscilloscope (Tektronix DPO4054). Sunset yellow was used as a model pollutant. The chemical structure of sunset yellow is shown in Fig. 2 . The sunset yellow dye was dissolved in ionized water (0.1 µS/cm) with an initial concentration of 10 mg/L. The conductivity of the solution was adjusted with sodium chloride in an analytical reagent purity of above 99.9%. The initial pH values of the solution were adjusted by adding HCl and NaOH. The evolution of the sunset yellow concentration was monitored during the experiment by a spectrophotometer (JASCO UV-550). The UV-visible absorption spectra were recorded in a wavelength range from 200 nm to 900 nm. The dye quantity was characterized by an absorption peak at 482 nm. A typical waveform of discharge voltage and current measured in the sunset yellow solution with a conductivity of 150 µS/cm is shown in Fig. 3 . The maximum voltage was about 40 kV, and the maximum current increased with the increase in solution conductivity. The dissipated energy per pulse was evaluated from the product of the discharge voltage and current. It was found that the energy dissipated was 147±7 mJ/pulse, 197±10 mJ/pulse and 240±12 mJ/pulse for a solution conductivity of 50 µS/cm, 150 µS/cm and 250 µS/cm, respectively. The time integrated images of the electrical streamer discharge in the sunset yellow solution with different conductivities are shown in Fig. 4 . The discharge streamers were randomly generated from the slits in the wall of the insulator tube. As is seen in Fig. 4 , the maximum streamer length and the number of streamer filaments decrease with the increase in solution conductivity. From a number of images, the maximum streamer length for different solution conductivities was estimated, about 11 mm, 8 mm and 5 mm for the solution conductivity of 50 µS/cm, 150 µS/cm and 250 µS/cm, respectively. Depending on the solution conductivity, a cylindrical discharge region with a length of 60 mm and a wall thickness of 5 mm to 11 mm can be generated in the reactor. If a longer anode is needed, e.g., longer than 500 mm, we believe that the rod type anode adopted in this work possesses some advantages over the wire type anode [13, 14] because of its higher mechanical strength. Additionally, compared to the porous-ceramic-coated anode [12, 15] , it is easy and inexpensive to make a longer anode. 
Decoloration of sunset yellow
The decoloration of the sunset yellow solution was conducted in the reactor. The volume and initial concentration of the sample solution were 150 mL and 10 mg/L, respectively. Typical images of the color evolution during the treatment are shown in Fig. 5 . The evolution of the sunset yellow concentration was monitored during the experiment by measuring the UVvisible absorption spectra. The influence of the solution conductivity, pH and pulse frequency on the decoloration rate of sunset yellow was investigated. To study the effect of the solution conductivity on the decoloration of sunset yellow, the solution with different values of conductivity was treated. The results obtained at three different values of conductivity are plotted in Fig. 6 . It is shown that the decoloration of sunset yellow follows a pseudo first-order rate profile,
where C 0 is the initial concentration, C is that of the sunset yellow solution after t-min treatment, and k is the rate constant of decoloration. The most remarkable feature in Fig. 6 is that the solution conductivity has little effect on the decoloration rate of sunset yellow in our experiment. WANG et al. obtained a similar result in a multi-needle-to-plate high-voltage pulsed corona discharge system [19] . Considering that the energy dissipated by one pulse increases with the increase in solution conductivity, it can be concluded that the energy efficiency for the decoloration of the sunset yellow solution decreases with the increase in solution conductivity. Sunset yellow was treated under three different values of solution pH, namely acidic (pH=2.2), basic (pH=12) and neutral (pH=6.5, with no acid or alkali additive). The pseudo first-order plot of sunset yellow decoloration is shown in Fig. 7 . It is seen that the solution pH significantly affects the decoloration of sunset yellow in our experiment. A lower solution pH promotes decoloration while a higher solution pH inhibits the process. Our result is consistent with previous investigation [18, 19] .
Fig.7 Effect of solution pH on the decoloration of sunset yellow
The decoloration of azo dyes by underwater electrical discharge is mainly achieved by oxidation reaction of the dyes with · OH radicals [20] . UV radiation generated during the underwater electrical streamer discharge can lead to the photolysis of H 2 O 2 in the solution,
The oxidation capacity of the UV/ H 2 O 2 system can be significantly enhanced in a strong acidic solution [21] . This may be the reason for the faster decoloration of sunset yellow in a strong acidic solution.
In a strong basic solution a higher OH − ion concentration is present. Hence the · OH radicals in the solution have a greater possibility to react with OH − and transform to less reactive O ·− radicals [22] ,
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The · OH radicals also dissociate to the less reactive O ·− radicals in a strong basic solution [23] ,
The less reactive O ·− radicals formed through (3) and (4) can react with H 2 O 2 [22] ,
and this process is in competition with the photolysis of H 2 O 2 . The processes (3), (4) and (5) reduce the quantity of · OH radicals, resulting in a lower decoloration rate of sunset yellow in a strong basic solution.
To assess the effect of the pulse frequency, the decoloration rates of sunset yellow treated at 300 Hz and 600 Hz were compared. The initial solution conductivity and pH fixed at 150 µS/cm and 6.5, respectively. The results are shown in Fig. 8 , showing that the decoloration rate of sunset yellow increases with the increase in pulse frequency. As mentioned above, the quantity of · OH radicals generated by the underwater discharge plays a key role in the decoloration of azo dyes. Considering that the yield of · OH radicals during one discharge pulse is roughly equal, the increased pulse frequency leads to an increased yield of · OH radicals, resulting in an increased decoloration rate of sunset yellow. 
Conclusion
A reactor capable of injecting underwater streamer discharge into a large volume of water was developed. Depending on the solution conductivity, a cylindrical discharge region of 60 mm in length and 5 mm to 11 mm in wall thickness can be generated in the reactor. It is believed that the rod type anode adopted in the present work possesses advantages if a longer anode is needed, e.g., longer than 500 mm, because of its higher mechanical strength and simplicity. The reactor was applied to decolorize the sunset yellow solution. The effect of the solution conductivity, pH and pulse frequency on the decoloration of sunset yellow was investigated. The results show that the solution conductivity has little influence, while both the solution pH and the pulse frequency have significant influence on the decoloration rate of sunset yellow. The decoloration rate of sunset yellow increases with the increase in pulse frequency. A lower solution pH promotes the decoloration of sunset yellow while a higher solution pH inhibits it.
(Manuscript received 11 March 2011) (Manuscript accepted 29 April 2011) E-mail address of WEN Xiaoqiong: wenxq@dlut.edu.cn
